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It is important to understand the Amyloid fibril formation in view of numerous medical and biochemical aspects. Structural determination of
amyloid fibril has been extensively studied using electron microscopy. Subsequently, solid state NMR spectroscopy has been realized to be the
most important means to determine not only microscopic molecular structure but also macroscopic molecular packing. Molecular structure of
amyloid fibril was first predicted to be parallel β-sheet structure, and subsequently, was further refined for Aβ(1–40) to be cross β-sheet with
double layered in register parallel β-sheet structure by using solid state NMR spectroscopy. On the other hand, anti-parallel β-sheet structure has
been reported to short fragments of Aβ-amyloid and other amyloid forming peptides. Kinetic study of amyloid fibril formation has been studied
using a variety of methods, and two-step autocatalytic reaction mechanism used to explain fibril formation. Recently, stable intermediates or proto-
fibrils have been observed by electron microscope (EM) images. Some of the intermediates have the same microscopic structure as the matured
fibril and subsequently change to matured fibrils. Another important study on amyloid fibril formation is determination of the interaction with lipid
membranes, since amyloid peptide are cleaved from amyloid precursor proteins in the membrane interface, and it is reported that amyloid lipid
interaction is related to the cytotoxicity. Finally it is discussed how amyloid fibril formation can be inhibited. Firstly, properly designed
compounds are reported to have inhibition ability of amyloid fibril formation by interacting with amyloid peptide. Secondly, it is revealed that site
directed mutation can inhibit amyloid fibril formation. These inhibitors were developed by knowing the fibril structure determined by solid state
NMR.
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Amyloid fibril formation where normally innocuous, soluble
proteins or peptides polymerize to form insoluble fibrils, is now
seen in biochemically diverse conditions. A number of
nonfibrillar proteins or peptides have been identified to form
amyloid fibrils, all of which exhibit similar morphologies in
electron micrographs [1]. Some of the phenomena are related to
the misfolding of proteins leading to severe diseases such as the
fibril deposit in the brain in the case of Alzheimer's disease, in
the pancreas in the case of type II diabetes, etc. [2]. Therefore,
the elucidation of the molecular structure of amyloid fibrils is an
important target for understanding the mechanism of self-
aggregation. However, it has been difficult to determine high-
resolution molecular structures by using most biophysical
methods, because the fibrils are heterogeneous solids. In the last
decade, solid-state NMR spectroscopy has demonstrated its
advantage for the conformational determination of Alzheimer's
amyloid β-peptides (Aβ), which are the main component of the
amyloid plaques of Alzheimer's disease and comprise from 39
to 43 amino acids [3,4]. Not only the intrachain conformation of
the Aβ molecule in the fibrils, but also the intermolecular
alignment has been analyzed to explore the mechanism of
molecular association to form fibrils [5].
To understand the molecular mechanism of fibril formation,
it is important to elucidate the fibril forming mechanism of
amyloid forming peptide in various conditions. One of the
most accepted models of fibril formation is to form fibril seeds
and subsequently to form proto fibril followed by elongation
and association to form matured fibril [6]. These seed
formation and fibril elongation steps are rate determining
processes. Before these rate determinant steps, it is predicted
that there are association process among the monomer amyloid
molecules. However, this process is not well understood yet
because the life time is short and the concentration is low.
Actually overall kinetics are analyzed by using auto-catalytic
two-step reaction mechanism [7]. This kinetic analysis allowed
discussion of nucleation and fibril elongation processes
separately.
The Aβ-amyloid peptides are generated by the cleavage
from its amyloid precursor protein (APP) in the interface of the
membrane by the action of β- and γ-secretase. Besides,
neurotoxicity of amyloid may be caused by the action of
amyloid aggregates in lipid membrane by forming ion channels
[8]. More specifically, it has been reported that Alzheimer's
peptides interact with gangliosides in lipid raft, containing
cholesterol and sphingomyelin in model membrane to accel-
erate amyloid fibril formation [9]. It is, therefore, important to
analyze amyloid–lipid interaction and how they affect a
structural transition to induce the fibril formation [10]. This
kind of study has been performed by also using solid state NMR
because membrane systems are an anisotropic media, and hence
solution NMR is not easy to apply.
Finally another important goal of this kind of structure
determination and elucidation of amyloid fibrillation mechan-
ism is to design a system to prevent amyloid fibril formation.
Firstly, some reagents have been designed by considering theamino acid sequence of amyloid fibril and causing specific
interaction with amyloid molecules [11]. This kind of reagent
acts as inhibitor to suppress the amount of fibril formation.
Secondly, some mutation of the amino acid sequence can also
reduce the rate of fibril formation of amyloid fibrils. In case of
calcitonin, which is known as an amyloid forming peptide, it
was revealed that the Phe residue played an important role for
stabilizing fibril structure. Phe was replaced by Leu residues,
and this mutant-hCT showed a dramatic decrease of rate of fibril
elongation process.
We, therefore, show in this review that solid state NMR
provides valuable information for structure elucidation as well
as kinetic analysis in solution and membrane environments.
Such analysis made it possible to design an efficient inhibitor or
mutant which has a slow rate of fibrillation. This kind of study
may lead to insight into fibrillation mechanism for in vivo
systems.
2. Solid-state NMR as methods to determine amyloid
structure
Solid-state NMR spectroscopy has been realized to be a
valuable method to gain insight into the structure of the amyloid
fibril. This is because amyloid fibrils are insoluble, which
makes it difficult to use solution state NMR for structure
determination. Besides amyloid fibrils cannot grow crystals to
allow X-ray structural analysis.
To obtain high-resolution signals of solid samples, cross-
polarization (CP) [12] is used to enhance the signal intensity of
less abundant nuclei such as 13C and 15N, which are frequently
observed by NMR in amyloid fibril samples. In the fibril
sample, strong dipolar interaction remains because of the slow
tumbling motion of the molecules which cannot average out the
dipolar interaction of 1H–X, where X is less abundant nuclei, as
is achieved high resolution in solution samples. Elimination of
this dipolar interaction can be achieved by applying strong
proton decoupling rf field [12]. After eliminating the dipolar
interaction, the chemical shift interaction still causes line
broadening because of the anisotropic character. This broad-
ening can be eliminating by rotating the sample about the axis
making the angle 54.7° which is referred to as the magic angle
[13]. The combination of CP, high power proton decoupling and
magic angle spinning (MAS) is referred to as CP-MAS and is
widely used as a standard high resolution solid-state NMR
technique [14].
It is important to point out that isotropic chemical shift
values obtained from CP-MAS experiment can be used to
determine the site-specific secondary structure by the con-
formation dependent chemical shift displacements [15] and also
consulting a torsion angle likelihood obtained from shifts and
sequence similarity (TALOS) software [16].
In the amyloid fibril samples, a variety of motional
frequencies exist among the molecules. Although CP technique
is useful for rigid molecules, it is not so useful for mobile part of
the fibril samples. In that case, one can use single pulse
excitation with proton decoupling, which is referred to as DD-
MAS [17]. Actually, CP-MAS is useful to observe fibril
Table 1
Summary of solid state NMR structural studies of amyloidogenic proteins and
peptides
Peptide Condition Main structural feature Ref
Aβ(34–42) Anti parallel β-sheet [24–27]
Aβ(10–35) pH 2.9 Parallel β-sheet [28–30]
Aβ(16–22) pH 7.0 Anti parallel β-sheet [31,32]
Aβ(11–25) pH 7.4 Anti parallel β-sheet [33]
Aβ(1–40) pH 7.4 Double layered structure
with in register parallel
β-sheet
[34]
Aβ(1–42) pH 7.4 In register parallel β-sheet [38]
E22K-Ab(1–42) pH 7.4 Parallel β-sheet with
turn structure
[42]
TTR(105–115) pH 2 Extended β-strand [40,41]
HET-s(218–289) pH 8.0 β-strand-turn-β-strand [43–45]
P101L-PrP(89–143) pH 5.0 Extended β-sheet [46]
α-Synuclein pH 7.5 β-strand [47]
hCT pH 7.5 Anti parallel β-sheet [7]
hCT pH 3.3 Mixture of anti and
parallel β-sheet
[7]
DFKNF pH 7.5 Antiparallel β-sheet [48]
D15N-hCT pH 7,5,
pH 3.2
Mixture of anti and
parallel β-sheet
[58]
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components of amyloidogenic proteins.
Solid-state NMR allows us to determine the internuclear
distances quite accurately by looking at the recoupled dipolar
interaction. This distance information can extensively elucidate
the three dimensional (3D) structure of amyloid fibrils if one
can determine the intrernuclear distances. Also, one can
elucidate molecular packing information such as distinction
between anti-parallel β-sheet and parallel β-sheet after obtain-
ing internuclear distances between intermolecules. Rotational
echo double resonance (REDOR) [18] technique is widely used
for determination of heteronuclear internuclear distances. In this
experiment, a π-pulse is applied for the nuclei coupled with the
observed nuclei at the center of the rotor period to recouple the
hetero nuclear dipolar interaction. On the other hand, rotational
resonance (RR) [19] technique is widely used for homonuclear
internuclear distances. In this experiment, the rotor frequency is
adjusted to the chemical shift difference of the homonuclear
coupled nuclei. In case of homonuclear system with same
chemical shift values, the dipolar decoupling with a windowless
sequence (DRAWS) [20] technique can be applied to determine
the internuclear distance of the homonuclear pairs.
13C multiple quantum spectroscopy (MQ NMR) [21] is a
powerful method to observe multi quantum signals by exciting
multiple quantum coherence. An n-quantum 13C NMR signal
can be observed only if at least n 13C nuclei are sufficiently
close in space. Therefore, this method is able to elucidate the
topology of molecular packing through consideration of
possible spin networks.
To assign the signals to particular nucleus, correlation spec-
troscopy is required. In solid state NMR, through space dipolar
interaction can be used to correlate the dipolar coupled nuclei
rather than the use of spin-spin coupling. 13C/13C 2D dipolar
correlation spectra are frequently obtained with radio frequency-
driven recoupling (RFDR) [22] method. In this pulse sequence,
the 13C/13C dipolar interaction is recoupled to allow magnetiza-
tion transfer through recoupled dipolar interactions. These 2D-
RFDR correlation spectra provide cross peaks between the 13C
nuclei which are connected by dipolar interaction. This
information gives not only assignment of the amino acid
residues, but also internuclear distance information. To obtain
longer distance correlation, dipolar-assisted rotational resonance
(DARR) [23] experiment is a useful pulse sequence. This pulse
sequence recouple the dipolar interaction by applying a weak
dipolar decoupling field with the same amplitude as the magic
angle frequency. This allows recoupling of 13C/13C dipolar
interaction. This magnetization transfer is performed during the
z direction of the spin system, and hence one can apply quite
long mixing times within the spin-lattice relaxation time, leading
to the long distance correlation peaks. This method is quite
useful to obtain folding information of the amyloid fibrils.
3. Structure of amyloidogenic proteins and peptides as
revealed by solid-state NMR
The RR method has been used to characterize the structures
of fragments of amyloid [24–27]. Griffin et al. have synthesizedthe β-amyloid fragment Aβ(34–42) (H2N–Leu–Met–Val–
Gly–Gly–Val–Val–Ile–Ala–CO2H), which is at the C-terminus
of the β-amyloid protein. The fragment was chosen because the
region is implicated in the initiation of amyloid formation. The
structure of this molecule was determined from the 13C–13C
interatomic distances and the 13C chemical shift values using
fibril samples of 10–20% of the doubly 13C labeled Aβ(34–42)
diluted with the unlabelled peptide. The α-carbon of the ith
residue and the carbonyl carbon of the i+1th residue were both
labeled, and the A[αi,i+1] interatomic distance was observed
by using a RR method. Similarly, the B[i,α(i+2)], C[i,α(i+3)]
interatomic distances were also determined. Since the RR signal
of A did not show a dilution effect, an intermolecular
contribution does not exist. On the other hand, B and C showed
strong intermolecular contributions from B* and C*. Therefore
the fragment forms an antiparallel β-sheet (Table 1). Further-
more, the intermolecular contribution indicates that the β-
strands consist of antiparallel β-sheets forming hydrogen bonds
with the position that is offset from the N-terminus position.
Interestingly, the information on the intermolecular contribution
made it possible to reveal the assembly of the amyloid
molecules.
The DRAWS solid state NMR technique was applied to
characterize the peptide conformation of the Aβ(10–35)
fragment and the supramolecular organization of fibrils formed,
which contains both hydrophobic and non hydrophobic
segments of Aβ [28]. The peptide backbones in the fibrillated
precipitation were confirmed to form an extended conformation
in viewed of the 13C chemical shifts of carbonyl carbon and the
interatomic distance between I and I+1 labeled carbonyl
carbons obtained from the DRAWS method. Inter-peptide
distances between the 13C nuclei measured by the DRAWS
method using singly 13C labeled peptides were 4.9–5.8 (±0.4)
Å, throughout the entire length of the peptide. These results
Fig. 1. (a) Structural model for Aβ(1–40) fibrils. Considered with solid state
NMR constraints on the molecular conformation from isotropic chemical shifts,
intermolecular distances and incorporating the cross-β motif. (b) Cross section
of an Aβ(1–40) fibril with the minimal mass per length (MLP). (c) Central
Aβ(1–40) molecule from the energy minimized system. Residues are colored to
green, magenta, blue, or red for hydrophobic, polar, positive, or negative side
chains, respectively. Reproduced from references [3,34].
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was formed in the fibril of Aβ(10–35) [28–30].
Subsequently, the fibril structure of another fragment of Aβ,
which comprises residues 16–22 of the Alzheimer's β-amyloid
peptide, Aβ(16–22), and is the shortest fibril forming fragment,
was determined [31,32]. 2D MAS exchange and constant-time
double-quantum-filtered dipolar recoupling (CTDQFD) techni-
ques revealed that the torsion angles of the peptide backbone
had an extended conformation [31]. One dimensional (1D) and
2D spectra of selectively and uniformly labeled samples exhibit
13C NMR line width of b2 ppm, showing that the peptide,
including amino acid side chains, has a well ordered
conformation in the fibril. The 13C chemical shifts determined
from 2D chemical shift correlation spectra also indicated that
the entire hydrophobic segment forms a β-strand conformation.
13C MQ NMR and 13C/15N REDOR data indicate an
antiparallel organization of β-sheets with 16+k↔22−k registry
(intermolecular hydrogen bonds between residues 16 th and
22-k th of adjacent peptide chains for integer k) in Aβ(16–22)
fibrils [32]. However, NMR data for Aβ(11–25) fibrils
grown at pH 7.4 indicate an antiparallel β-sheet structure
with a 17+k↔20−k registry [33]. In contrast, the NMR data
for Aβ(11–25) fibril grown at pH 2.4 indicate an antiparallel
β-sheet structure with a 17+k↔22−k registry [33].
Full-length β-amyloid fibrils Aβ(1–40) have been studied
using solid state NMR to generate sufficient structural
constraints to permit the development of a structural model
(Fig. 1) by constraint energy minimization [34]. The model is
consistent with a large body of data that includes measurements
of intermolecular distances by MQ 13C NMR spectra [35],
fpRFDR-CT [36], 13C and 15N chemical shift and line width
measurements from 2D spectroscopy [34], torsion angle
constrains from tensor correlation [34], X-ray diffraction data
[37], and measurements of the mass per length (MPL) of Aβ
fibrils by scanning transmission microscopy (STEM) [38].
Initially, the β-sheet segments were identified from 13C
chemical shifts, and the alignment and registry of β-strands
within a β-sheet were determined from dipolar recoupling and
MQ NMR data. The remaining few degrees of freedom were
further restricted by the fibril dimensions and MPL data.
Features of the structural model shown in Fig. 1, there are
consistent with the experimental data, are as follows. (1)
Residue 12–24 and 30–40 form two β-strand segments that are
separated by a “bend” segment with non-β-strand conformation
at G25, S26 and G29. These secondary structure elements are
indicated by 13C chemical shifts in 2D spectra and by tensor
correlation data [34]. (2) The two β-strand segments form two
separate parallel β-sheets. In-register, parallel alignment of the
peptide chains from G9 to V39 is indicated by intermolecular
13C–13C dipole–dipole couplings detected in dipolar coupling
and MQ NMR measurements on a series of singly 13C-labeled
sample [34]. The net bend angle of 180° in residues 24–29 in
Fig. 1c brings the two β-sheets in contact through side chain-
side chain interactions. Without a large net bend between the
two β-strands, the structurally ordered part of each Aβ(1–40)
molecule would have a length of approximately 10 nm, at
variance with the observed protofilament width. Thus, a singlemolecular layer in the cross-β motif is a double-layered β-sheet
in this model. (3) In Fig. 1b, the two cross-β units make
connections at the hydrophobic surfaces created by side chains
of residues 30–40. This mode of association seems plausible on
physical grounds and results in a four-layered model (Fig. 1a)
with cross-sectional dimensions that closely match the mini-
mum fibril width observed experimentally by equatorial
scattering peaks in fiber diffraction data [37]. Fibrils with
large widths, which typically exhibit morphologies suggesting
that they are twisted pairs or bundles of finer filaments, may be
formed by lateral association of these protofilaments.
The structure in Fig. 1 resolves an important fundamental
feature regarding the intermolecular interaction that stabilize
Aβ(1–40) fibrils: the experimental observation indicates that
the β-sheets in Aβ(1–40) fibrils have an in-register, parallel
structure maximizes contacts among hydrophobic side chains.
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charged side chains in rows with spacings on the order of
0.5 nm. In the low dielectric environment that may exist in the
interior of an amyloid fibril, repulsions between like charges
could destabilize the fibril structures by roughly 70 kcal/mol,
overwhelming the stabilizing effect of the hydrophobic contact
(estimated to be of order 2 kcal/mol). In Fig. 1c, the only
charged side chains in the interior are D23 and K28, which form
salt bridges that may actually stabilize the structure. Apart from
D23 and K28, the protofilament structure has a purely
hydrophobic core (blue color region in Fig. 1a). 13C and 15N
chemical shifts indicate that side chains of D23 and K28 are
indeed charged in Aβ(1–40) fibrils grown at pH 7.4. Dipole–
dipole couplings between the side chain carboxylate carbon of
D23 and the side chain amino nitrogen of K28 indicate an
interatomic distance of roughly 0.4 nm, consistent with salt
bridge formation [34]. A similar cross-β-motif has also been
studied using molecular dynamic simulation for Aβ(10–35)
peptide [39].
Although the 40-residues form of full-length Aβ is present at
highest concentrations in the human body, it has been shown
that elevated levels of the 42-residue form, Aβ(1–42) with
additional I31 and A42 residues at the C-terminus, are
associated with familial form of Alzheimer's disease and that
Aβ(1–42) peptides are the major component of immature senile
plaques and cerebrovascular amyloid deposits. In vitro, Aβ(1–
42) forms fibril more rapidly and at lower concentration than
Aβ(1–40). Solid-state NMR measurements indicate the same
in-register, parallel alignment of peptide chains in β-sheet in
Aβ(1–42) fibril as demonstrated for Aβ(1–40) fibrils [38].
The molecular conformation of peptide fragment 105–115 of
transthyetin, TTR(105–115), shown to form amyloid fibrils in
vitro, has been determined by solid-state MAS NMR spectro-
scopy [40,41]. 13C and 15N line width measurements indicate
that TTR(105–115) forms a highly ordered structure with each
amino acid in a unique environment. 2D 13C–13C and
15N–13C–13C chemical shift correlation experiments, per-
formed on three fibril samples uniformly 13C, 15N-labeled in
consecutive stretches of 4 amino acids allowed the complete
sequence-specific backbone and side chain 13C and 15N
resonance assignments to be obtained for residues 105–114.
Analytical data of the 15N, 13CO, 13Cα, and
13Cβ chemical
shifts allowed quantitative prediction to be made for the
backbone torsion angles ϕ and ψ. Further, four backbone
13C–15N distances were determined in two selectively 13C,
15N-labeled fibril samples by using REDOR NMR. The results
show that TTR(105–115) adopts an extended β-strand
conformation that is similar to that found in the native protein
except for a substantial difference in the vicinity of the proline
residue.
Proline mutagenesis of Aβ(1–42) suggested that the
formation of a turn structure at positions 22 and 23 could play
a crucial role in its aggregation ability and neurotoxicity [42].
Since E22K–Aβ42 (Italian mutation) aggregated more rapidly
and shows more potent neurotoxicity than wild-type Aβ42, the
tertiary structure at positions 21–24 of E22K–Aβ42 fibrils was
analyzed by solid-state NMR using DARR to identify the‘malignant’ conformation of Aβ42. Two sets of chemical shifts
for Asp-23 were observed in a ratio of about 2.6:1. The 2D
DARR spectra with a mixing time of 500 ms suggested that the
side chains of Asp-23 and Val-24 in the major conformer, and
those of Lys-22 and Asp-23 in the minor conformer could be
located on the same side, respectively. These data support the
presence of a turn structure at positions 22 and 23 in E22K–
Aβ42 fibrils. The formation of a salt bridge between Lys-22 and
Asp-23 in the minor conformer may be why E22K–Aβ42 is
more pathogenic than wild-type Aβ-42.
The prion protein fragment HET-s(218–289) gives rise to
well-resolved 13C, 15N, and 1H NMR resonance under high-
resolution magic-angle spinning (HRMAS) conditions [43–45].
The observed signals belong to large polymeric units as shown
from the lateral diffusion constants. The amino acids identified
in the spectra are compatible with their localization in the
segments of the protein which could not be detected in earlier
solid-state NMR experiments. The observed chemical shifts
indicate that these residues are in a random coil conformation.
Complementary experiments which detected only dynamic or
static residues, respectively, strongly suggest that they belong to
different parts of the same molecule. In addition to solid-state
NMR, fluorescence studies and quenched hydrogen exchange
NMR revealed four β-strands constituted by two pseudo-repeat
sequence, each forming a β-strand-turn-β-strand motif.
The peptide fragment 89–143 of the prion protein (carrying a
P101L mutation), when in a fibril form, is biologically active in
transgenic mice. Injection of these fibrils into transgenic mice
(expressing full length PrP with the P101L mutation) induces a
neurodegenerative prion disease [46]. Solid-state NMR studies
of PrP89–143(P101L) fibrils, probed the conformation of
residues in the hydrophobic segment 112–124 using the chemi-
cal shifts. The conformations of glycine residues were analyzed
using doubly 13C_O labeled peptides by 2D double-quantum
correlation and double-quantum filtered dephasing distance
measurements. MQ-NMR experiments were carried out to
probe the relative alignment of the individual peptide fibrils.
These NMR studies indicate that the 112–124 segment adopts
an extended β-sheet conformation, though not in a parallel, in
register alignment. There is evidence for conformational varia-
bility at Gly-113. DQ correlation experiments provide useful
information in regions with conformational heterogeneity.
The 140-residue protein α-synuclein (AS) can form amyloid
fibrils and is the main component of protein inclusions involved
in Parkinson's disease. The structure and dynamics of full-
length AS fibrils have been investigated by high-resolution
solid-state NMR spectroscopy [47]. Homonuclear and hetero-
nuclear 2D and 3D spectra of fibrils of uniformly 13C/15N-
labeled AS and AS reverse-labeled for two of the most abundant
amino acids, K and V, were analyzed. Sequential assignments
were obtained for 48 residues in the hydrophobic core region.
Two different types of fibrils were identified that displaying
chemical-shift differences of up to 13 ppm in the 15N dimension
and up to 5 ppm for backbone and side chain 13C chemical
shifts. Investigation of the secondary structure revealed that
most amino acids of the core region belong to β-strands with
similar torsion angles in both conformations. At least 35 C-
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structure, while the N terminus was rigid starting from residue
22.
Molecular packing in the hCT fibril grown at pH 7.5 can be
discussed by accurately measured interatomic distances in
different molecules rather than dipolar pairs in the same
molecule [48]. 13C and 15N nuclei in [1-13C]Phe16, [15N]Phe19
of the fibril of the DFNKF fragment are located one residue
away from the actual hydrogen bonding location. DFNKF
fragment was chosen because this short aromatic charged
peptide fragment of calcitonin is known to form amyloid fibrils
[49]. The fibril structure may arise from the manner of
molecular packing as shown in the top part of Fig. 2. This
packing scheme clearly shows that most fragments form exactly
a head-to-tail antiparallel β-sheet structure. It is of interest that
the phenyl rings of Phe16 residues are facing each other on the
same side of the β-sheet, to be able to contact via π–π
interactions, as illustrated in Fig. 2 (top). The distance between
the two phenyl rings was estimated to be 4.6 Å using precisionFig. 2. Schematic representation of fibril structures of DFNKF (top) and hCT (bottom
REDOR experiments. Phenyl rings of Phe16 indicate the possible π–π interactionsmolecular structure model for proteins, which would allow the
π–π interactions as illustrated in Fig. 2. This interaction may be
considered as a crucial factor for further stabilization of the hCT
fibril in the core region. By assuming that the DFNKF
pentapeptide forms the core part of hCT fibrils, the packing
scheme of hCT fibril can be drawn as in the bottom part of Fig. 2
as an antiparallel β-sheet configuration. The Phe22 actually
forms a hydrogen bond with Tyr12 and, therefore, Gly10 is two
residue away and Leu9 three residue away, giving the weak
REDOR effects for intact [1-13C]Gly10, [15N]Phe22-hCT and
[15N]Leu9, [1-13C]Phe22-hCT.
It is interesting to compare the structure of β-amyloid fibrils
with that of hCT fibrils (Table 1). In the case of amyloid β-
peptide (Aβ1–40) protofilaments, two β-strands form separate
parallel β-sheets in a double-layered cross-β motif [34]. On the
other hand, an antiparallel organization of β-sheets formed in
Aβ(16–22) fibrils [31,32]. In the case of hCT fibrils, an
antiparallel β-sheet structure is formed instead of a parallel β-
sheet, as evidenced by REDOR NMR [48].). The solid lines show the 13C···15N internuclear distances measured in the 13C
among molecules. Reproduced from reference [48].
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Aβ(1–42) can self-assemble into small, stable globular
assemblies that are soluble and exhibits neuro-toxicity. Subse-
quently, these assemblies aggregate to form protofibrils and
grow much longer mature fibrils [50]. It is reported that this
early intermediate is not dyed by thioflavin T and, hence, it is
predicted not to form β-sheet structure. On the other hand, solid
state NMR study on this intermediate shows β-sheet structure
which is the same as for protofibrils and matured fibrils [6].
Further study is required to better characterize this intermediate.
Another methods to elucidate the fibrillation mechanism are
to analyze kinetic property. A kinetic study has been performed
for calcitonin systems. Calcitonin (CT) is a peptide hormone
consisting of 32 amino acid residues that contains an intrachain
disulfide bridge between Cys1 and Cys7 and a proline amide at
the C-terminus. CT is a useful drug for various bone disorders
such as Paget's disease and osteoporosis. However, human
calcitonin (hCT) has a tendency to associate to form fibril
precipitate in aqueous solution. This fibril is the same type as
amyloid fibril, and hence has been studied as a model of
amyloid fibril formation.
Conformations of hCT in several solvents have been studied
by solution NMR spectroscopy. In 2,2,2-trifluoroethanol (TFE)/
H2O, hCT forms a helical structure between the residues 9 and
21 [51]. A short double-stranded antiparallel β-sheet form,
however, was observed in the central region made by residues
16–21 in DMSO/H2O [52]. It was suggested that hCT exhibits
an amphiphilic nature when it forms an α-helix. However, the
secondary structure of hCT in H2O was shown to be a totally
random coil as determined from the 1H chemical shift data [53].
Subsequent studies by two-dimensional NOESY and CD
measurements indicated that hCT adopts an extended con-
formation with high flexibility in aqueous solution [54].
Subsequently, α-helical conformation has reported to be present
in the central region of hCT in aqueous acidic solution, although
it is shorter than in TFE/H2O [55]. Similarly, NMR studies
showed that salmon calcitonin (sCT) also form an amphiphilic
α-helical structure in the central region in TFE/H2O, methanol/
H2O, and SDS micelles. sCT has a high activity and stability as
a drug and its fibrillation process is much slower than hCT [56].
2D NMR measurements of the time course of the fibrillation
process have been performed to show that the peaks from
residues in the N-terminal (Cys1–Cys7) and the central
(Met8–Pro23) regions are broadened and disappear earlier
than those in the C-terminal region [57]. These findings indicate
that the α-helices are bundled together in the first homogeneous
nucleation process. Subsequently, it appears that larger fibrils
grow in a second heterogeneous process. However, local
structures and characteristics of hCT in the fibril have not been
obtained directly by solution NMR spectroscopy, because the
intrinsically broadened signals from the fibril components
cannot be observed.
Conformational transition of hCT during fibril formation in
acidic and neutral conditions were investigated by high-
resolution solid-state 13C NMR spectroscopy using site
specifically 13C-labeled hCTs [7]. In aqueous acetic acidsolution (pH 3.3), a local α-helical structure is present around
Gly10, whereas a random coil is dominant as viewed from
Phe22, Ala26, and Ala31 in the monomer form on the basis of the
13C chemical shifts. On the other hand, the CP-MAS spectra are
observed as the fibril formed. The 13C resonances of fibrils were
shifted to upperfield by 1.9 and 1.3 ppm for [1-13C]Gly10 and
[1-13C]Phe22, respectively, and local β-sheet forms as viewed
from Gly10 and Phe22 were detected in the fibril at pH 3.3. The
results indicate that conformational transitions from α-helix to
β-sheet, and from random coil to β-sheet forms occurred
around Gly10 and Phe22, respectively, during the fibril
formation. Two or three signals assigned to β-sheet and random
coils were observed for Ala26 and Ala31. The random coil
components still remained in the fibril around Ala26 and Ala31
residues in addition to the converted β-sheet structures [7].
In contrast to the fibril at pH 3.3, the fibril at pH 7.5 formed a
local β-sheet conformation at the center region and exhibited a
random coil at the C-terminus region. In particular, the signals
of [1-13C]Gly10 and [1-13C]Phe22 at pH 7.5 in the CP-MAS
spectra are displaced upfield by 0.8 and 1.3 ppm, respectively,
as compared with those at pH 3.3. The extent of the
conformational heterogeneity of the fibril prepared at pH 7.5
is less than at pH 3.3 as viewed from their line width, except for
Phe22 C_O. These results indicate that the fibril structure is
substantially changed at a particular pH condition. This
difference is caused by the changes in molecular interactions
between the charged side chains, such as Asp15, Lys18 and
His20. The homogeneous nucleation process can be attenuated
by the unfavorable electrostatic interactions between the
positively charged side chains of Lys18 and His20, and the
amino group of Cys1 at pH 3.3. On the other hand, at pH 7.5 the
side chain of Lys18 is protonated with a positive charge and that
of Asp15 is deprotonated with a negative charge leading to the
fast fibrillation. The electrostatic interaction of the positively
and negatively charged side chains between the molecules may
assemble the hCT in an antiparallel way at pH 7.5, while the
positively charged side chains associate in both parallel and
antiparallel ways at pH 3.3 (Fig. 3). At pH 4.1, antiparallel β-
sheet is formed in the central core region, while random coils
are formed in the C-terminal region, although the random coil
region at pH 4.1 was larger than that at pH 7.5 [48]. The local
conformations and structure of D15N-hCT fibrils at pH 7.5 and
3.2 were found to be similar to each other and those of hCT
at pH 3.3 were interpreted as a mixture of antiparallel and
parallel β-sheets, whereas they were different from the hCT
fibril at pH 7.5 [58]. Not only a hydrophobic interaction among
the amphiphilic α-helices, but also an electrostatic interaction
between charged side chain can play an important role in the
fibril formation at pH 7.5, 4.1 and 3.3 acting as electrostatically
favorable and unfavorable interaction, respectively, as summar-
ized in Fig. 3.
The increased or decreased 13C resonance intensities from
the fibrils and monomers, respectively, after a certain delay time
were observed. The plots suggest that the fibrillation can be
explained by a two-step autocatalytic reaction mechanism, in
which the first step is a homogeneous association to form a
nucleus and the second step is an autocatalytic heterogeneous
Fig. 3. Schematic representation for fibril formation of hCT at pH 7.5 and 3.3. (a) hCT monomers in solution; (b) a homogeneous association to form the α-helical
bundle (micelle); (c) a homogeneous nucleation process to form the β-sheet and heterogeneous associating process; (d) a heterogeneous fibrillation process to grow a
large fibril. Reproduced from reference [7].
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the kinetic analysis at pH 3.3 is that the rate constant for the first
step, k1 values, are three orders of magnitude smaller than that
of the second step, k2 values, for the
13C labeled samples (Table
2). These results suggest that the first homogeneous nucleation
process is much slower than the second heterogeneous
fibrillation process. Note that the k2 values are similar for the
samples, whereas the k1 values are quite different and sensitive
to salt concentration or to a small amount of impurity, etc. ATable 2
Rate constants, k1 and k2 in a two-step autocatalytic reaction mechanism for
hCT fibril formation
Sample Condition k1 (s
−1) k2 (s
−1M−1) Ref.
hCT pH 7.5 2.8×10−6 2.3 [7]
hCT pH 3.3 3.3×10−6 2.4×10−3 [7]
D75N-hCT pH 7.2 1.6×10−5 5.5 [58]
D75N-hCT pH 2.9 6.2×10−7 5.4×10−3 [58]
L3-hCT pH 7.5 3.4×10−6 3.0×10−3 [68]
L3-hCT pH 3.3 5.4×10−6 4.8×10−3 [68]fibrillation process derived by the kinetic analysis as well as the
conformational transition is illustrated in Fig. 3. Using this
model, an α-helical bundle (micelle) has to change its
conformation from α-helix to a β-sheet simultaneously in the
first nucleation process, while one α-helix can be converted to a
β-sheet in the second heterogeneous fibrillation process. These
findings based on 13C NMR experiments imply that it is
sufficient to consider a two-step reaction for the fibrillation
kinetics.
Time course of the fibril formation at pH 7.5 was also
examined by CD measurements, because it is not possible to
determine the fast fibrillation rate at pH 7.5 by 13C NMR
measurements. Monomeric component assigned to random coil
(205 nm) in the CD spectra decreased gradually as a result of
fibril formation in the much lower concentration than those for
NMR measurements. Consequently, the kinetic parameters are
obtained by the same way, and it is found that the fibril
formation after the nucleation at pH 7.5 occurred much faster
than that at pH 3.3 because k2 values at pH 7.5 were three order
of magnitude larger than that at pH 3.3, whole k1 values were
not different among them. It is revealed that k1 values are not
Fig. 4. Schematic model for Aβ(1–40) peptide interaction with membranes.
Top: electrostatic adsorption to membrane surfaces. When the membrane
exhibits a negative surface potential, Aβ(1–40) binds to lipids electrostatically.
Bottom: insertion of Aβ(1–40) peptide into membranes. Increasing the surface
potential induces electrostatic anchoring of charged residues close to the surface
thereby supporting an increased insertion of the hydrophobic segment into the
membrane core. Reproduced from reference [60].
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observation [7].
5. Amyloidogenic protein–membrane interactions
In the neuropathology of Alzheimer's disease (AD), Aβmay
exerts a neurotoxic action via interaction with neuronal
membrane. It is, therefore, very important to reveal the
amyloidogenic protein–membrane interaction at a molecular
level to understand the neurotoxic action of amyloidogenic
proteins via interactions with neuronal membranes. NMR
studies in membrane and membrane mimicking environments
have been performed to reveal membrane peptide interactions,
including peptide insertion, membrane induced conformational
transition, and self-aggregation to form a pore [10].
2H and 31P NMR, and CD spectroscopy has been used to
characterize the lipid–peptide interaction [59]. CD spectroscopy
revealed a distinct interaction between Aβ(1–40) and negatively
charged unilamellar vesicles. In addition to the random coil↔β-
structured aggregate equilibrium at low lipid-to-peptide (L/P)
ratios, a β-structure→α-helix transition was observed at L/PN55.
Aβ(1–40) was found to insert into acidic monolayers provided
the lateral pressure was low (20 mN/m). The extent of
incorporation increased distinctly with the content of acidic
lipid in the monolayer. However, at a lipid packing density
equivalent to that of a bilayer (lateral pressure≥32 mN/m), no
insertion of Aβ(1–40) was observed. 31P NMR showed that the
lipid phase retained the bilayer structure at all lipid-to-protein
ratios. Deuterium NMR revealed no change in the headgroup
conformation of the choline moiety or in the flexibility and
ordering of the hydrocarbon chains upon the addition of Aβ(1–
40). It is, therefore, shown that Aβ(1–40) binds electrostatically
to the outer envelope of the polar headgroup region without
penetrating between the polar groups. The data suggest a new
mechanism of helix formation induced by the proper alignment of
five positive charges of Aβ(1–40) on the negatively charged
membrane template.
A combination of 31P MAS NMR and CD spectroscopy also
examined Aβ(1–40) peptide membrane interaction [60]. There
are two completely different types of Aβ-membrane assem-
blies, transmembrane location (Fig. 4 bottom) versus surface
location (Fig. 4 top), involved in processes of Aβ-release from
membranes or reinsertion as shown in Fig. 4. For both
assemblies hydrophobic and electrostatic forces are important,
but both contribute differently to each types of lipid–peptide
complex. For example, the presence of acidic lipid in these
studies demonstrates that electrostatic forces can keep the
peptide in a transmembrane position, since they couple
hydrophilic extracellular part of Aβ to the membrane via
positively charged residues (Fig. 4 bottom). Other studies used
metal ions, a change in pH or an increase in membrane
hydrophobicity to induce changes in the balance between
hydrophobic/electrostatic properties, changes which enable Aβ
to pass with its hydrophobic C-terminal part through the
hydrophilic membrane interface barrier during reinsertion.
Connected with this reinsertion process is a transition from a
disordered or β-sheet structure into an α-helical form whichallows hydrophobic interactions between the transmembrane,
helical Aβ part and the lipid fatty acids. The conformational
change probably occurs at the membrane interface to overcome
this barrier during reinsertion. If the peptide does not reinsert
and is released as a soluble monomer as shown in Fig. 4 top,
toxic aggregates could be produced at the negatively charged
membrane surface when acidic lipids are increased.
Steady-state interactions of the Alzheimer peptide C-
terminal fragment (Aβ 29–42), and two mutants 33,37 (G-A)
with neutral lipid bilayers made of POPC and POPE in a 9-to-1
ratio was investigated by solid-state NMR [61]. This peptide
fragment and this lipid composition were selected because they
are the minimum required for the fusogenic activity of the
Alzheimer peptide. It has been postulated that the fusogenic
activity could be due to the propensity of this peptide to be
tilted, i.e., to insert in bilayers as an oblique α-helix, neither
perpendicular nor parallel to the bilayer plane as many peptides
do. Isotropic carbon chemical shifts clearly demonstrate that the
peptide equilibrated in the membrane is not helical. 2H NMR
showed no perturbation of the acyl chain dynamics and of the
lipid phase transition temperature, and that the peptide had a
limited mobility even in the fluid phase. Moreover, 31P NMR
reveals a specific interaction of the peptide with the POPE polar
head as seen by the enhancement of the T2 relaxation associated
with a restricted mobility. All these results and molecular
modeling support the conclusion that when the peptide is
inserted in the membrane, its steady-state structure is an
oligomeric association of β-sheet peptides located at the bilayer
interface, preferentially recruiting PE lipids. The selective
recruitment of PE by Aβ aggregates further suggests the idea
Fig. 5. Structure of the 11 inhibitor bound to a monomer of Aβ(1–40). The two
aromatic side chains of the inhibitor (Phe4 and Phe8) pack against Gly33 and
Gly37 of the Aβ peptide. Reproduced from reference [11].
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the cellular disorders induced in the Alzheimer's diseases. It is
in agreement with the observation that Aβ 40/42 binding is
controlled by lipid head group interactions and leads to the
production of interfacial packing defects.
It is shown that Aβ(1–42) induces a strong membrane
destabilization in giant unilamellar vesicles composed of
palmitoyloleoyl–phosphatidylcholine, sphingomyelin, and cho-
lesterol, lowering the critical tension of vesicle rupture [62].
Aβ(1–42) triggers the induction of a sequential leakage of low-
and high-molecular-weight markers trapped inside the giant
unilameller vesicles, but preserving the vesicle shape. These
experimental results may associate with toxicity, including a
reduction of lateral membrane cohesive force and a capacity to
weaken the transbilayer gradient.
The effect of metal ions (Cu2+ and Zn2+) on model
membranes has been examined by using 31P and 2H solid-state
NMR, fluorescence and Langmuir Blodgett monolayer methods
[63]. Both the peptide and metal ions interact with the
phospholipid head groups and the effects on the lipid bilayer
and the peptide structure were different for membrane incorpo-
rated or associated peptides. Copper ions alone destabilize the
lipid bilayer and induced formation of smaller vesicles but when
Aβ(1–42) was associated with the bilayer membrane copper did
not have this effect. The addition of Cu2+ induced a larger effect
than Zn2+, indicating greater peptide–lipid association or peptide
insertion. Circular dichroism spectroscopy indicated that Aβ(1–
42) adopted more β-sheet structure when incorporated in a lipid
bilayer in the presence of metal ions in comparison to the
associated peptide, which was largely unstructured. Incorporated
peptides appear to disrupt the membrane more severely than
associated peptides, which may have implications for the role of
Aβ in disease states.
Human islet amyloid polypeptide, hIAPP, or amylin, is a 37
amino acid hormone secreted by pancreatic β-cells. It has been
shown that the central region of the peptide, hIAPP(20–29),
constitutes the nucleation site for the amyloidogenic process
with F23 playing a key role in the formation of the β-pleated
structures [64,65]. It has been proposed that an important stage
in the cytotoxicity of hIAPP is its interaction with the β-cell
membrane. Therefore, conformational preference of hIAPP20–
29 in membrane-mimicking environment was determined. It
was found that the dominant conformation of hIAPP(20–29) is
a distorted type I β-turn centered on residues F23 and G24, with
F23, A25, and I26 forming a small hydrophobic cluster.
Moreover, it was elucidated that the hydrophobic cluster of the
peptide oriented toward the hydrocarbon region of the micelles
and both N- and C-terminal exposed to the solution.
6. Inhibitors of amyloid fibril formation
One goal of the study on amyloid fibril formation is to
understand the structure and mechanism of fibril formation.
Inhibition of amyloid fibril formation is also an important target
for the study of amyloid fibril formation. One method to examine
the inhibition of amyloid fibril is to design inhibitor compound. It
has been determined that amyloid fibrils have a cross β-sheetstructure, where main chain hydrogen bonding occurs between β-
strands in the direction of the fibril axis. The surface of the β-
sheet has pronounced ridges and grooves when the individual
β-strands have a parallel orientation and the amino acids are in-
register with one another. In Aβ amyloid fibrils, Met35 packs
against Gly33 in the C-terminus of Aβ40 and against Gly37 in
the C-terminus of Aβ42. These packing interactions suggest that
the protofilament subunits are displaced relative to one another in
the Aβ40 and Aβ42 fibril structures. Knowing this structure, a
new class of inhibitors was designed to prevent fibril formation
by placing alternating glycine and aromatic residues on one face
of a β-strand. Peptide inhibitors based on a GxFxGxF framework
disrupt sheet-to-sheet packing and inhibit the formation of mature
Aβ fibrils as assayed by thioflavin T fluorescence, electron
microscopy, and solid-state NMR spectroscopy [11,66]. The
alternating large and small amino acids in the GxFxGxF sequence
are complementary to the corresponding amino acids in the
IxGxMxG motif found in the C-terminal sequence of Aβ40 and
Aβ42 (Fig. 5). Importantly, the designed peptide inhibitors
significantly reduce the toxicity induced by Aβ42 on cultured rat
cortical neurons.
Nordihydroguaiaretic acid (NDGA) and polyphenols inhibit
β-amyloid fibrils formation by Aβ(1–40) and Aβ(1–42) as
revealed from studies of dose-dependency in vitro [67]. Using
fluorescence spectroscopic analysis with thioflavin T and
electron microscopic studies, the effects of curcumin (Cur)
and rosmaric acid (RA) on the formation, extension, and
destabilization of Aβ(1–40) and Aβ(1–42) fibril at pH 7.5 at
37 °C in vitro [67]. Cur and RA dose-dependently inhibited Aβ
formation from Aβ(1–40) and Aβ(1–42), as well as their
extension. Interestingly, Cur and RA does-dependently desta-
bilized preformed Aβ-fibrils. Since fibril formation was
completely inhibited at a certain amount, the molecules may
associate strongly with Aβ. The structural study should make
this inhibition mechanism clear.
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state NMR as described in the previous section. Salmon (sCT)
and eel calcitonin (eCT), which have common primary
structures in the N-terminus and central regions, are known
not only to be more potent in mammals especially in man than
the actual human or other mammalian CTs, but also to be slower
fibrillation as compared with hCT [56]. By comparing the
central regions, which are core for the fibril formation, three Leu
residues in sCT are displaced to aromatic side chains, Tyr12,
Phe16, and Phe19, in hCT. Because sCTanalogues in which Ala
residues replaced Leu12, Leu16 and Leu19, showed marked
loss of hypocalcemic activity, the hCT mutant having Leu
residues may gain more activity with stability. Also previous
studies have shown that replacement of Phe19 by Leu does not
affect the in vivo hypocalcemic potency of hCT. The side chains
of Tyr12, Phe16 and Phe19 could align in a plane when the
central region of hCT forms an amphiphilic α-helix in a
monomer form, which is proposed to bundle together by placing
the hydrophobic residues inside, then convert conformation to
β-sheet as nuclei of the fibrils. Recently, Lys18 and Phe19 were
shown to play a critical role for oligomerization and bioactivity
of hCT. Further, Phe16 and Phe19 are also in the fragment,
Asp15–Phe19 of hCT, which is the smallest hCT fragment to
form amyloid fibril, and the residues could align to stabilize the
antiparallel β-sheet by π–π interaction. By knowing the
structure of hCT, a hCT mutant to Leu at position of 12, 16
and 19 (L3-hCT) and with site-specific 13C labeling was
prepared to determine the role of the aromatic ring side chains
on amyloid formation using solid-state NMR spectroscopy [68].
The conformation dependent 13C chemical shift of the labeled
site determined that the monomer conformation of L3-hCT is
the same as that of hCT. L3-hCT formed fibrils and during the
fibril formation, the α-helix structure around Gly10 changed to
β-sheet form, and the major structure around Phe22, Ala26 and
Ala31 were random coil in the fibrils. The local conformation in
L3-hCT fibrils from neutral pH solution were similar but
heterogeneous compared with those from acidic solution. The
kinetics, analyzed as a two-step reaction mechanism, the rate of
fibril growth at pH 7.5 as related to the second step of
fibrillation, markedly slowed down compared with that of hCT,
although the rate constants at pH 3 were almost the same (Table
2). The L3-hCT may align by hydrophobic interactions between
the Leu side chains to form an antiparallel β-sheet structure at
the region including Leu9–Leu19, where charged residues
Lys18 and His20 at pH 3, would not affect to the association. In
contrast, at pH 7.5 the favorable electrostatic interactions
between Asp15 and Lys18 might make another antiparallel
alignment, in addition, to cause structural heterogeneity. As is
revealed in the structure analysis of hCT fragment DFKNF, π–π
interaction between the aromatic side chains may stabilize the
fibril structure. Lack of this interaction may lead to the
reduction of the rate constant of the second step.
7. Conclusion
Solid state NMR methods provided detailed structure
information of amyloid fibrils. The structures of full length ofamyloid peptides have been determined to be cross β-sheet with
in register parallel β-sheet structure. On the other hand, small
Aβ amyloid fragment forms anti-parallel β-sheet structure as
well as parallel β-sheet structure. Amyloid interacts with lipid
molecules in the membrane through charged amino acids. This
induces the specific interaction with membranes to cause
oligomeric association of β-sheet peptides and membrane
destabilization, leading to toxicity. Elucidation of fibril structure
further led to design of inhibition of amyloid formation. In case
of human calcitonin, π–π interaction between β-strands is
essential for fibril formation. Therefore hCT mutant whose Phe
and Tyr replaced by Leu residues were designed. This L3-hCT
shows a dramatic decrease of fibrillation rate. Peptide with
GxFxGxF motif was also designed as an inhibitor of amyloid
formation by associating with the IxGxMxG motif in the C-
terminal sequence of Aβ peptides. Finally, solid state NMR has
contributed greatly to understanding the structures and
mechanism of amyloid fibril formation and amyloid lipid
interaction. These open the possibility not only to understand
the in vivo fibrillation mechanism but also to design inhibitor
for amyloid formation.References
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